Background: The vast diversity in morphology of insect wings provides an excellent model to study morphological evolution. The best-described wing modification is the specification of halteres in Drosophila by a Hox-dependent mechanism, in which a Hox gene affects the expression of genes important for wing development to modify the resulting structure. We have previously shown that highly modified beetle elytra are Hox-free structures despite their divergent morphology, suggesting another mode of evolutionary modification. Results: To understand how elytra have evolved without Hox input, we have analyzed wing development in a coleopteran, Tribolium castaneum. Based on Drosophila mutant phenotypes, we first hypothesized that changes in the wing gene network might have contributed to elytral evolution. However, we found that the wing gene network defined in Drosophila is largely conserved in Tribolium and is also used to pattern the elytra. Instead, we found evidence that the exoskeleton formation has been co-opted downstream of the conserved wing gene network multiple times. We also show evidence that one of these co-options happened prior to the others, suggesting that repeated co-options may have strengthened an advantageous trait. In addition, we found that the Tribolium apterous genes are not only essential for exoskeletalization of the elytra but also are required for the proper identity of the hindwing-an unexpected role that we find to be conserved in Drosophila. Conclusions: Our findings suggest that elytral evolution has been achieved by co-opting a beneficial trait several times while conserving the main framework of wing patterning genes.
Introduction
Coleoptera (beetles) is the largest order in the Insecta and in fact the most successful animal group on the planet, accounting for over 20% of extant animals [1, 2] . An important trait driving the successful radiation of beetles is the presence of highly modified and hardened forewings called elytra [3] . We will refer to this modification as ''exoskeleton formation'' or ''exoskeletalization,'' which is a combination of many biochemical processes (such as tanning, sclerotization, and pigmentation) and transcriptional regulation (such as upregulation of cuticle gene expression) to make the insect cuticle thicker, harder, and pigmented. Elytra serve as body covers to protect beetles against mechanical stress and dehydration, helping beetles adapt to a variety of environments. The molecular basis of how novel structures such as elytra have arisen from more typical insect wings is largely unexplored.
Development of insect dorsal appendages (including wings) is best understood in the dipteran Drosophila melanogaster, in which a large number of genes important for wing development (wing genes) have been characterized. The genetic mechanisms for wing development described in Drosophila can be utilized as a framework to study wing development in other insects, thus providing insight into how insect wings have evolved. The two pairs of wings on extant insects have often undergone evolutionary modification. In Drosophila, the forewing is used for flight, whereas the hindwing (haltere) is highly reduced and used only for balance. The Hox gene Ultrabithorax (Ubx) modifies the hindwing by repressing several wing genes and also activating some haltere-specific genes [4] [5] [6] [7] . In contrast, no Hox input is necessary for forewing formation, and, therefore, the forewing is considered to be a Hox-free (or default) state [8] . In the beetle Tribolium, modification of dorsal appendages is, in a way, reversed. It is the forewing (elytron) that is modified ( Figure 1A ), whereas the hindwing retains more ancestral wing characteristics ( Figure 1B) . We have previously shown that the elytron is a Hox-free state despite its diverged morphology and that Ubx cancels the modifications to maintain the rather typical insect wing morphology seen in Tribolium hindwings [9] . To understand how beetle elytra have evolved without Hox input, we analyzed wing and elytral development in Tribolium, especially focusing on the most prominent feature of the elytron, its exoskeletalization.
Results

Elytra and Body Wall Use the Same Genetic Cascade for Exoskeleton Formation
Coleopteran elytra are atypical compared to other insect wings in many ways [1, 3, 10] . The surface has thick cuticle and is heavily pigmented, sclerotized, and covered by numerous sensory bristles ( Figure 1A ). Some species do not even have visible veins. These characteristics are superficially similar to those of the body wall. Many beetles also have matching pigmentation patterns in both elytra and body wall [11] . These shared features suggest that the elytra and body wall might have a similar tissue identity. We first asked whether elytra and body wall use the same genetic pathway for their exoskeletalization. The biochemical pathways for cuticle hardening (sclerotization) and pigmentation are connected by the use of three common substrates (dopamine, N-acetyldopamine, and N-b-alanyldopamine) [12] [13] [14] [15] . Yellow family proteins convert these substrates to melanin to produce a dark pigmentation [16] . In contrast, Ebony and N-acyltransferases (NATs) use N-acyldopamines for tanned or colorless sclerotized cuticle, respectively [15] . Removing the function of Ebony or NATs causes excess pigmentation because extra dopamine is shunted into the Yellow pathway [14, 15, 17] .
Classical pigmentation mutants in Tribolium affect both elytra and body wall ( Figure 1C ), suggesting a shared genetic pathway for sclerotization and pigmentation in these tissues. Similarly, RNA interference (RNAi) for laccase2, which encodes a phenol oxidase important for pigmentation and sclerotization, causes abnormalities in both elytra and body wall [18] . We have analyzed whether additional sclerotization components are shared between elytra and body wall. RNAi for the Tribolium ortholog of ebony (Tc-ebony) causes dark pigmentation in both elytra and body wall ( Figure 1F ), indicating that Tc-ebony is required for sclerotization in both of these tissues. In addition, we identified an enhancer trap line (KS217) in which a piggyBac element is inserted in a Tribolium homolog of a Drosophila cuticle protein gene (Edg78E) [19] . In KS217, enhanced green fluorescent protein (EGFP) is expressed in the future exoskeletalized body wall regions as well as in the elytra, suggesting that the cuticle protein encoded by this gene (Tc_04500) is used in both tissues ( Figure 1D ).
In some Drosophila species, spatially restricted expression of yellow determines the pigmentation pattern of wings and other tissues [14, 17, 20, 21] . RNAi for a Tribolium ortholog of yellow (Tc-yellow) causes defects in pigmentation of the pterostigma in hindwings ( Figure 1G ), suggesting that the function of yellow in wing pigmentation is evolutionarily conserved. In contrast, we did not see any visible effect on elytra or body wall from Tc-yellow RNAi ( Figure 1G ). We have also tested whether the dark pigmentation produced by ebony RNAi depends on Tc-yellow. Double RNAi for Tc-ebony and Tc-yellow still causes dark pigmentation in body wall and elytra ( Figure 1H ), suggesting that melanization in these tissues either does not depend on Tc-yellow or is produced by more than one Yellow family member. This observation contrasts with the pigmentation in the hindwing pterostigma, which appears to depend solely on Tc-yellow ( Figure 1H ). These results suggest that the elytral sclerotization and pigmentation cascades are more similar to those occurring in the body wall than in the hindwing.
Elytra Retain Wing Identity Despite Their Body Wall-Like Appearance Genetic analyses of wing genes in Drosophila offer at least two possible scenarios for elytral evolution. The first scenario is based on the body wall/wing patterning mechanism. In Drosophila, both dorsal body wall (notum) and wing are formed from the same tissue (wing disc) [22] and mutually repress each other's identities [23, 24] . Alterations in this patterning mechanism can result in wing-to-body wall transformations [24] . The similarities between elytra and body wall in both texture and the genetic cascade used for exoskeletalization raise the possibility that the ancestral beetle forewing may have gained a body wall-like identity through changes in the body wall/wing patterning mechanism. The second scenario is that the ancestral beetle forewing might have lost membranous intervein regions. This scenario is supported by the fact that the elytra of most beetles are covered by numerous sensory bristles, whereas such structures are usually seen only on veins in typical insect wings [25] . In addition, insect wing veins are usually pigmented and sclerotized. In Drosophila, ectopic induction of veins causes small pigmented and sclerotized wings, which are superficially similar to elytra [26] . We assessed these patterning change hypotheses by analyzing hindwing and elytral development in Tribolium.
Several genes are expressed in either the future body wall or wing region in Drosophila wing discs. Tribolium homologs for these genes can be used as markers to examine tissue identities. If elytra have gained body wall identity, expression of body wall markers might be expanded into elytra, whereas wing marker expression would be reduced. We have analyzed the expression patterns of Tc-tiotsh, Tc-hth, and Tc-iro (Tribolium homologs for Drosophila tsh, hth, and Iro-C genes, respectively [9, 27] ) as body wall identity markers [28] [29] [30] [31] and Tc-nub and Tc-vvl as wing identity markers [32] [33] [34] (see Table  S1 available online for detailed orthology/homology and full name/nomenclature of these genes). Tc-hth and Tc-tiotsh are expressed strongly in the future body wall region at the last larval stage but have only very faint expression in the elytral and hindwing discs (Figure 2A ; data not shown). Tc-iro expression is also high in the future body wall but is limited to sensory precursor cells in the elytral discs and several presumptive vein regions in the hindwing discs [9] . In contrast, wing identity markers are expressed highly in both elytral and hindwing discs ( Figures 2B and 2C ). These data suggest that beetle elytra have wing rather than body wall identity. Consistent with this idea, RNAi for body wall marker genes produces abnormalities in the body wall, but not in elytra (Figures 2F and  2G ; see also Shippy et al. [27] ), and RNAi for Tc-vg, which is the Tribolium homolog of the wing master gene in Drosophila, and (D) EGFP expression in KS217 pupa. Regions that will form hard cuticle express EGFP (arrow), whereas those that will form soft cuticle lack EGFP (arrowhead). (E-H) RNA interference (RNAi) adults (top) and pterostigma in hindwings (bottom; corresponds to the region boxed in B). Wild-type (E), ebony RNAi (F), yellow RNAi (G), and ebony and yellow double RNAi (H) are shown.
Tc-nub causes abnormalities in elytra as well as hindwings (Figures 2I and 2J).
We also tested the possibility that beetle forewings have lost membranous intervein regions. In Drosophila, srf is expressed in future intervein regions [35] . We cloned the Tribolium ortholog of srf (Tc-srf) and analyzed its expression pattern and RNAi phenotype. Tc-srf is expressed in both elytral and hindwing discs ( Figure 2D ), and RNAi for Tc-srf produces a blistered phenotype in both elytra and hindwings ( Figure 2K ), a result consistent with the srf phenotype in Drosophila [35, 36] . These results indicate that elytra retain intervein regions.
A Conserved Wing Gene Network Is Used for the Patterning of Tribolium Elytra and Hindwings
In addition to the body wall/wing patterning mechanism mentioned above, Drosophila wing discs are patterned primarily along two axes, anterior-posterior (AP) and dorsal-ventral (DV). (See [37] for review. The fully referenced version of the following paragraph is seen in the Supplemental Results.) To further understand the patterning mechanism of elytra and hindwings in Tribolium, we analyzed whether the AP and DV patterning are also conserved in Tribolium. AP patterning in the Drosophila wing is initiated by the interaction of anterior (A) and posterior (P) compartments. The P compartment is defined by en expression, whereas the A cells are marked by ci. Hh is secreted from P cells and induces several genes (such as dpp and ptc) in a narrow band of A compartment cells adjacent to the P compartment. Then Dpp acts as a long-range morphogen along the AP axis, activating or repressing the transcription of various target genes (e.g., sal, omb, and dad) at different thresholds. These genes further subdivide the wing disc along the AP axis. In DV patterning, the dorsal selector gene apterous (ap) determines the activation domain of Notch signaling along the DV boundary, which induces expression of several genes, including cut and wg. Wg then acts as a long-range morphogen, providing positional information along the DV axis by inducing expression of genes such as Dll and vg at different thresholds.
We have isolated homologs of these genes in Tribolium (Table S1 ) and analyzed their expression pattern as well as the RNAi phenotypes of some of them. These analyses show that the wing gene network is well conserved in Tribolium, and a similar network is used for both elytral and hindwing patterning ( Figure 3 ) [38] . One difference that we observed between Drosophila and Tribolium is in the dpp expression pattern ( Figure 3E ), which is predominantly at the distal tip of the AP boundary in Tribolium rather than along the entire AP border as seen in Drosophila. Presumed Dpp target genes (such as sal, omb, and dad) are also expressed at the distal tip (Figures 3F and 3G; see also Tomoyasu et al. [9] ), probably as a result of the distally restricted Dpp source. In Tribolium, dorsal appendage discs grow rapidly without being everted at the last larval stage, whereas Drosophila wing discs proliferate gradually throughout larval life. The difference in dpp expression might reflect this difference in the mode of proliferation. We also noticed some differences between elytron and hindwing discs. Genes important for determining vein position (such as sal and iro) tend to be expressed differently in elytron and hindwing discs [9] and probably contribute to the different vein patterns seen in these structures. However, expression patterns and RNAi phenotypes for genes important for providing positional information (along both the AP and DV axes) are similar in these discs, suggesting that elytra and hindwings are patterned by a similar mechanism.
Taken together, these results suggest that, despite the extensive evolutionary modification that has occurred in the beetle forewings, the elytra retain wing identity and are patterned by a largely conserved wing gene network. Therefore, exoskeletalization in elytra does not seem to have evolved through changes in the core wing-patterning mechanism.
Tribolium apterous Genes Induce Exoskeletalization in the Elytra
In the course of RNAi analysis of wing genes, we found that RNAi for the Tribolium ap genes produces a defect in elytral exoskeletalization. In Drosophila wings, ap is the dorsal determinant and is also important for inducing the organizer region along the DV boundary [37] . We have identified two homologs of ap in Tribolium (Tc-apA and Tc-apB). Sequence and phylogenetic analyses revealed that Tc-apA is the ortholog of Dm-ap, whereas the ortholog of Tc-apB appears to have been lost in the Drosophila lineage ( Figure S1 ). Tc-apA is expressed on the dorsal side of hindwing and elytral discs ( Figure S2 ), whereas Tc-apB is expressed uniformly in these discs (data not shown). RNAi for each gene alone produces either a minor defect in hindwing folding (Tc-apA) or no visible phenotype (Tc-apB) (data not shown). However, double RNAi for both Tribolium ap genes causes much more drastic effects on Tribolium dorsal appendage formation (Figure 4 ; Figure S3 ). Injection of Tc-apA and Tc-apB double-stranded RNAs (dsRNAs) before the dorsal appendages start proliferating (early last larval stage, early ap RNAi) causes a complete deletion of dorsal appendage formation, as well as a mesonotum abnormality (Figures 4A and 4B ; Figure S3 ). Knocking down ap genes slightly after the beginning of dorsal appendage proliferation induces marginal truncation and ventralization of dorsal appendages ( Figure S3 ). These phenotypes are consistent with those seen in Drosophila ap mutants, supporting the idea that the wing gene network described in Drosophila is conserved in Tribolium. In contrast, ap RNAi performed in the middle of dorsal appendage development (mid to late last larval stage, late ap RNAi) produces an unexpected exoskeletalization defect. In ap RNAi elytra, formation of exoskeleton persists as stripes along the veins, as well as patches associated with sensory bristles in the intervein regions ( Figures 4C-4F) . However, the rest of the intervein regions lack exoskeletalization and instead form a thin membranous cuticle. This phenotype indicates that ap genes in Tribolium have come to control elytral exoskeletalization in the lineage leading to beetles, in addition to their conserved function in the wing gene network. One caveat is that ap genes could be involved in the synthesis of substrates for sclerotization or pigmentation outside of the elytra. In Drosophila, one of the tanning substrates, dopamine, is synthesized outside of the wings and delivered to the wings through the wing veins [39] . A shortage of these substrates might cause sclerotization and pigmentation to be limited to the veins, producing the striped elytra seen in ap RNAi beetles. To assess this possibility, we have utilized the KS217 exoskeletalized cuticle EGFP line. RNAi for ap genes in KS217 removes EGFP expression in the intervein regions of pupal elytra ( Figures 4G and 4H) , indicating that ap genes are important for the transcription of specific cuticle protein genes in elytra. This suggests that ap genes directly regulate exoskeletalization in elytra instead of participating in the synthesis of substrates for cuticle hardening outside of the elytra.
Multiple Co-options of the Exoskeletalization Pathway into the Wing Gene Network Because ap genes are important for dorsal identity, they are probably responsible for exoskeletalization of the entire dorsal surface in elytra. However, exoskeleton formation persists in the regions surrounding veins and sensory bristles in ap RNAi elytra (Figures 4C and 4E) , suggesting that there are other factors in addition to the ap genes that induce exoskeletalization. One candidate is Tc-ASH (the Tribolium ac and sc homolog) [40] , which is important for the formation of sensory structures. In Drosophila, ac and sc are expressed in a broader area than the eventual sensory structure itself (the proneural region) [41, 42] . Because sensory bristles are formed all along the veins as well as in the intervein regions of Tribolium elytra, the exoskeletalization persisting in ap RNAi elytra (both in veins and in intervein patches) might correspond to the expression domain of Tc-ASH. We performed triple RNAi for the two ap genes and Tc-ASH, which resulted in the absence of exoskeletalized patches in the intervein regions ( Figure 4I ). This result indicates that Tc-ASH is a second factor controlling elytral exoskeletalization. However, exoskeleton is still formed on the vein regions, suggesting that there is at least one more factor inducing exoskeletalization in the elytra. An obvious candidate for this vein factor is epidermal growth factor (EGF) signal, which determines vein positions in Drosophila [43] . However, RNAi for a component of the EGF signaling pathway (Tc-Egfr) causes lethality before pupation, so we could not assess the involvement of EGF signal in the induction of elytral exoskeletalization. We refer to this third signal that induces exoskeletalization along veins as the ''vein signal'' in this study.
Further evidence for the involvement of multiple factors in the induction of elytral exoskeletalization comes from RNAi for Tc-Ubx. Tc-Ubx RNAi induces the transformation of hindwings to elytra, such that the hindwings are ectopically exoskeletalized. Dilution analysis of Ubx RNAi shows that there is a bias to which regions of the hindwings become exoskeletalized ( Figure S4 ). Sensory structures on the veins are exoskeletalized even after injection of a very low concentration of Tc-Ubx dsRNA. Vein exoskeletalization is induced by a moderate concentration of dsRNA. In contrast, a high concentration of Tc-Ubx dsRNA is necessary to induce exoskeletalization in the intervein regions. These results suggest that there are at least three different thresholds for exoskeletalization to occur.
The three factors we have identified that control elytral exoskeletalization are a part of the conserved wing-patterning network, suggesting that the exoskeletalization pathway has been co-opted multiple times into the conserved wing gene network during elytral evolution. One caveat is that these factors might induce exoskeleton formation globally rather than acting as region-specific (wing) factors. However, we found that these co-options are tissue specific. For example, RNAi for ap genes does not cause any exoskeletalization defect in the mesonotum ( Figure S3 ), even though it caused structural abnormalities there. Moreover, RNAi for a Hox gene, Abdominal (the Tribolium ortholog of Drosophila abdominal-A) [44] , causes exoskeletalization defects in the adult ventral abdomen (S.J. Brown, personal communication), providing another example of the exoskeletalization pathway being co-opted into a region-specific network. It is also worth noting that Tc-ASH does not induce exoskeletalization in the ventral abdomen because RNAi for Tc-abdA is sufficient to prevent all exoskeleton formation in this region, even though sensory bristles are still present. This indicates that Tc-ASH is also a region-specific (not global) factor for the induction of elytral exoskeletalization.
We also investigated which exoskeletalization genes have been co-opted into the wing gene network and found that Tc-ebony is involved in all three co-options, whereas Tc-Nat does not appear to be involved in any of the three. However, Tc-Nat seems to be important for the formation of a unique elytral feature, the elytral pillars, which might represent a fourth co-option of the exoskeletalization pathway into the wing gene network (Supplemental Results).
Vein Exoskeletalization Might Have Preceded Other Co-options
The fossil record provides a clue to the order in which cooptions of the exoskeletalization pathway may have occurred during beetle evolution. Protocoleoptera is an extinct order, thought to have given rise to the extant Coleoptera [1] . Protocoleopteran elytra retained some features considered to be primitive, such as a larger size and a nonparallel vein pattern [1] . Interestingly, although the elytral veins and crossveins had thick, presumably exoskeletalized cuticle, the regions between these veins were ''windows'' of thin cuticle [1, 45] . Archecoleoptera had similar elytral structures, and even some extant beetles that belong to the suborder Archostemata (also known as reticulated beetles) retain an elytral structure similar to these ancient beetloids [10, 11] (Figure 4J ). Veins and cross-veins in the elytra have thick cuticle and are sclerotized, but the intervein regions are membranous ( Figures  4K and 4L ). These observations suggest that the co-option of exoskeletalization by the vein signal might have preceded the other co-options during beetle elytral evolution.
An Opposite Role of apterous in Hindwing
A puzzling fact of these co-options is that all of the factors that control elytral exoskeletalization are part of the conserved wing gene network, which is also important for hindwing development. RNAi for ap genes or for Tc-ASH causes morphological defects in hindwings ( Figure 4 ; Figure S3 ; data not shown), indicating that these genes are also functional in hindwings. However, these factors do not induce exoskeletalization in hindwings as they do in elytra. The simplest explanation is that Tc-Ubx selectively represses the exoskeletalization function, but not the other functions, of these genes during hindwing development. However, the ap RNAi phenotype in hindwings suggests a more complicated role for these genes in exoskeletalization and fore/hindwing differentiation. As described above, ap RNAi causes ventralization and margin truncation phenotypes in hindwings ( Figure S3) , consistent with the ap mutant phenotype in Drosophila. Surprisingly, we also noticed that ap RNAi sometimes induces patches of ectopic exoskeletalized cuticle in hindwings (24% of hindwings injected at mid last larval stage, n = 29) (Figure 5B) , which is the opposite phenotype to that seen in elytra. These patches also have elytra-like sensory patterns, suggesting that ap RNAi actually induces a transformation of hindwing to elytron. Sometimes the ventralization and transformation phenotypes are combined such that part of the dorsal hindwing is transformed into a ventral elytron (Figures 5C-5E ). These observations indicate that, in the presence of Tc-Ubx, ap genes act as hindwing identity-selector genes and actively repress elytron identity.
In Drosophila wing development, ap acts as the dorsal selector (determining the dorsal compartments of wings and halteres), whereas Ubx acts as the hindwing selector. We next asked whether the hindwing selector function of ap genes found in Tribolium is conserved in Drosophila. In Drosophila, ap has two important functions as the dorsal selector gene: (1) it determines dorsal identity, and (2) it induces the expression of the morphogen Wg along the DV boundary via activation of Notch signal. ap mutants completely lack dorsal appendage structures ( Figure 5G ) because of the defect in Wg induction. Overexpression of fringe (fng), a Notch signal modulator [46] , in the ap expression domain can rescue Wg induction without rescuing the other functions of ap ( Figure 5H ) [47, 48] . ap flies with this fng overexpression (ap-;fngOE) develop ventralized wings [47, 48] . We have analyzed the halteres of these flies and found that they are also ventralized (data not shown). In addition, ap-;fngOE halteres form darkpigmented bristles that are similar to those formed at the wing margin ( Figure 5K ). This is not due to the overactivation of Notch signal, because overexpression of fng in the ap heterozygous background does not induce the formation of pigmented bristles in the haltere ( Figure 5J ). Hypomorphic alleles of Ubx (Figure 5L ), or overexpression of Ubx inhibitor in halteres, produces similar pigmented bristles, which is interpreted as a weak transformation of haltere to wing [49] . This suggests that the hindwing selector function of ap is ancestral rather than unique to the beetle lineage.
Discussion
Evolution of Elytra and Co-options In this study, we have analyzed the expression patterns and RNAi phenotypes for Tribolium homologs of Drosophila wing genes. Our analysis has revealed that the basic patterning mechanism for dorsal appendages that has been described in Drosophila appears to be largely conserved in Tribolium.
Importantly, a similar wing gene network is used not only to pattern beetle hindwings but also to pattern elytra, despite their extensive evolutionary modifications. Exoskeletalized elytra seem to have evolved through multiple co-options of the exoskeletalization pathway downstream of conserved wing gene network components. In these co-options, the same advantageous trait (exoskeletalization) has been co-opted independently under different modules of the wing gene network: the dorsal surface defined by ap genes, proneural regions defined by Tc-ASH, and prevein regions. Based on the fossil record and the morphology of archostematan beetles, we argue that ''vein co-option'' might have happened prior to other co-options. The sequence of the other co-options is still unclear. The multiple co-options might have helped to make changes more gradual and reinforced an advantageous trait during beetle evolution. Interestingly, some modern beetles (such as ladybird beetles) do not have elytral veins. The loss of these structures seems to have happened during the late Triassic period (240-220 million years ago) in the lineage leading to these beetle species [1] . It is intriguing to think that the overall elytral exoskeletalization achieved by ap co-option may have released the pressure to maintain elytral veins as a structural framework.
Conserved and Diverged Aspects of the Wing Patterning Mechanism
Although we emphasized the conserved aspect of the wing gene network in Tribolium elytra and hindwings, we also observed several divergent gene expression patterns that might have contributed to the evolution of beetle elytra and hindwings. For example, the expression of genes important for vein positioning (such as sal and iro) tends to be missing in the elytral disc. This difference may be critical to produce the unique parallel vein pattern seen in the Tribolium elytra. Another difference is seen in the posterior part of the Tribolium hindwing disc. We noticed that ci and ptc have additional posterior expression that is not seen in Drosophila wing discs (Figure 3 ). Both ci and ptc encode Hh signaling components [37] . ptc is also known to be induced by Hh signal in the Drosophila wing disc [50, 51] , suggesting that Hh signal might be activated in this region. We also noticed that apA expression is reduced in the posterior part of the hindwing disc (but not in the corresponding region of the elytral disc) (Figures 3) . Beetle hindwings have a large expansion at the posteriorproximal region, forming a folded structure [3] . Gaining the novel expression patterns seen in the posterior part of the hindwing disc might have contributed to this unique size expansion of the hindwings in beetles.
One more important difference we observed between Drosophila and Tribolium is in the dpp expression pattern ( Figure 3E ), which is predominantly at the distal tip of the AP boundary in Tribolium rather than along the entire AP border as seen in Drosophila. Interestingly, dpp is also expressed distally in the leg primordia in nondrosophilid insects and spiders [52] [53] [54] [55] [56] , which differs from the dpp expression seen along the entire dorsal AP border of the leg primordia in Drosophila. It is intriguing to think that distal dpp expression might represent a more ancestral appendage-patterning mechanism.
There are several caveats in the interpretation of our expression analysis. First, conserved expression patterns do not necessarily mean that the functions of these genes are also conserved. We have performed RNAi for some of the wing genes to confirm their conserved functions. RNAi analysis for the rest of the wing genes will be important to further determine the conserved and diverged aspects of the wing gene network in Tribolium. Second, the expression patterns of genes that we analyzed might be different at other developmental stages. In this study, we have analyzed gene expression during the last larval stage and have seen conserved expression patterns between Tribolium and Drosophila. However, expression patterns of these wing genes might have diverged at later stages. Completion of the RNAi analysis for the wing genes as well as expression analysis at later stages will be essential for a better understanding of elytral evolution in beetles.
apterous Genes and DV Patterning in Tribolium We found two ap genes in Tribolium, which seem to act redundantly in DV patterning during Tribolium dorsal appendage development. Sequence and phylogenetic analyses revealed that the two Tribolium ap homologs have not arisen by a recent duplication in the lineage leading to beetles; rather, one of the ap genes (the Drosophila ortholog of Tc-apB) appears to have been lost in the Drosophila lineage ( Figure S1 ). We found orthologs of both Tc-apA and Tc-apB in other holometabolous insects ( Figure S1 ), indicating that the emergence of two ap classes preceded the appearance of holometabolous insects (and possibly even the diversification of the Hexapoda, Chelicerata, and Crustacea; see below).
Tc-apA is expressed on the dorsal side of hindwing and elytral discs ( Figure S2 ), which is consistent with the ap expression seen in Drosophila. In contrast, Tc-apB is expressed uniformly in these discs (data not shown). A puzzling fact is that Tc-apB (which is expressed uniformly) can somehow compensate for the reduction of Tc-apA (whose expression is limited to the dorsal compartment), so knockdown of both genes is required to generate a phenotype. How does the dorsal/ventral specification occur in the absence of dorsally restricted Tc-apA? Several possibilities include (1) a small amount of ApA protein due to insufficient knockdown might be enough to determine the dorsal identity, (2) the activity of ApB might be somehow restricted in the dorsal component because of an unknown mechanism such as posttranscriptional regulation or splicing regulation, or (3) there might be a binding partner or an upstream factor that is restricted to the dorsal component. Further analysis is necessary to fully understand the DV patterning mechanism in Tribolium.
Tc-apB is not the first apterous homolog whose expression appears not to be restricted to the dorsal portion of an appendage. In the crustacean Artemia, Af-ap is expressed uniformly in the distal epipodite (which is proposed to be homologous to insect wings) [57] . Interestingly, the homeodomain of Af-Ap has the unique signature shared in ApB-class proteins ( Figure S1 ). It is still unknown whether Artemia has an additional apterous gene. The spider Cupiennius has two apterous genes, one of which seems to belong to the apB class [58] . It will be interesting to see whether apB-class genes have a conserved role in DV patterning of arthropod appendages.
The Ancestral Role of apterous as the Hindwing Selector Gene Surprisingly, we found that whereas ap genes induce exoskeletalization in the elytra, they repress it (along with other elytra features) in hindwings. These opposite functions of ap genes might be a key to understanding how a Hox-free structure (elytron) has been evolutionarily modified, whereas a Hox-dependent structure (hindwing) has remained more ancestral in morphology. Our analysis of ap functions in both Tribolium and Drosophila suggests that the hindwing selector function of ap is ancestral. The dual role of ap as both a dorsal and hindwing selector, in addition to the presence of another hindwing selector (Ubx), might allow the dorsal and ventral surfaces of fore-and hindwings to behave as independent modules specified by a particular combination of selector genes (dorsal forewing/ap, ventral forewing/none, dorsal hindwing/ap + Ubx, and ventral hindwing/Ubx). This modularity might be important in other insect orders such as Lepidoptera, because their wings often show differences in pigmentation patterns between the dorsal and ventral surfaces as well as between the forewing and hindwing. The hindwing selector function of ap might have become less noticeable in the dipteran lineage because of the lack of morphological differences between the dorsal and ventral surfaces of hindwings (halteres).
The molecular mechanism of how ap genes switch their function in elytra and hindwings is yet to be elucidated. The switch might depend on the presence or absence of Ubx. ap genes encode LIM homeodomain proteins, which are known to interact with other homeodomain proteins [59] . Thus, Ubx might physically interact with Ap to modify the function of Ap.
Conclusions
In this study, we took a comprehensive approach including expression, loss-of-function, and comparative analyses to analyze beetle wings. Our study reveals extensive conservation of the wing gene network between Tribolium and Drosophila even after 300 million years of separation of these two lineages. At least some parts of this network are also conserved in ants [60] .
Elytral exoskeletalization seems to have been achieved through multiple co-options of the exoskeletalization pathway downstream of conserved wing gene network components. The high degree of conservation of the wing gene network between beetles and flies is clear, but some divergent aspects of the network in Tribolium might have been missed by our candidate gene-based approach. Unbiased analysis (such as microarray analysis or mutagenesis approaches that do not rely on candidate genes) of Tribolium wing development will provide us with a more comprehensive view of insect wing evolution.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, six figures, and one table and can be found online at http://www.cell.com/ current-biology/supplemental/S0960-9822(09)01989-7.
